ABSTRACT Three experiments were conducted to determine the effects of increased CO 2 concentration during the first 3 d of incubation on albumen height and pH, embryonic mortality, and hatchability of broiler hatching eggs. Hatching eggs were obtained from commercial broiler breeder flocks of Ross 308 at 39 and 37 wk of age in Experiments 1 and 2, respectively. In Experiment 3, eggs were collected at 28 and 35 wk of age. Eggs were incubated under either standard conditions (Control-CO 2 ) for the entire incubation or increased CO 2 concentrations during the first 3 d of incubation (High-CO 2 ) in 3 experiments. In Experiments 1 and 2, the CO 2 concentration was gradually increased from the beginning of incubation onwards to reach 0.80% at 72 h by manual injection of CO 2 into airtight laboratory incubators. In the control incubators, the CO 2 concentration remained below 0.10% during the same period. Prior to setting, and at 3 d of incubation, the eggs were opened for albumen height and pH measurements in Experiments 1 and 2. In Experiment 3, the eggs were set in commercial incubators. During the first 3 d of incubation, the CO 2 concentration was gradually increased to reach 0.70% at 72 h naturally (High-CO 2 ). In the Control-CO 2 incubator, the CO 2 concentration remained below 0.10%. After 3 d, incubation was continued with the control incubator conditions for all eggs from both groups in the 3 experiments.
INTRODUCTION
The CO 2 concentration under standard, single-stage incubation conditions is approximately 0.05% at the beginning of incubation, and it gradually increases to approximately 0.3 to 0.5% throughout the incubation period. Alternatively, single-stage incubation allows either the damper to close (non-ventilated) or CO 2 injection into the machine to occur in order to provide higher CO 2 concentration during the first part of the incubation, which is similar to the situation in nature (Walsberg, 1980) . The effect of increased CO 2 concentration during incubation on egg characteristics, C 2018 Poultry Science Association Inc. Received May 16, 2018 . Accepted September 6, 2018 . 1 The use of trade names in this publication does not imply endorsement of the products mentioned or criticism of similar products not mentioned. 2 Corresponding author: elibol@agri.ankara.edu.tr embryo development, hatchability, chick quality, and post-hatch growth has been extensively reviewed by Decuypere et al. (2006) , Onagbesan et al. (2007) and Molenaar et al. (2010) . Several studies have demonstrated that a gradual increase in the CO 2 concentration during the first 10 d of incubation in an airtight incubator changed the albumen characteristics, enhanced embryo growth, stimulated early hatching, increased hatchability, and even improved post-hatch growth (Hogg, 1997; Everaert et al., 2007; Tona et al., 2007 Tona et al., , 2013 De Smit et al., 2008; Willemsen et al., 2008) . In these studies, the CO 2 concentration started to increase curvilinearly after 3 d of incubation and reached the maximum level (0.8 to 1.5%) at 10 d of incubation. Furthermore, Sadler et al. (1954) reported that a 4% CO 2 concentration could stimulate embryo growth during the first 48 h of incubation. In addition, Bruggeman et al. (2007) did not find a positive or negative effect on hatchability when the CO 2 771 concentration sharply increased by CO 2 injection from the 25th hour to reach 1.5% at 4 d of incubation. However, recent studies showed that CO 2 injection into the machine from the beginning to 4 to 5 d of incubation increased the CO 2 concentration rapidly and constantly, retarding the embryonic development and decreasing the hatchability Han et al., 2011) . During the early stage of incubation, different CO 2 concentrations play an important role on albumen characteristics and embryonic development. The variable results from the effect of increased CO 2 during early incubation on hatchability are unclear and may depend on the concentration level and/or the initiating time of CO 2 during early incubation.
The aim of the current study was to investigate the effect of the increased concentration of CO 2 , either through the injection of CO 2 or naturally, during the first 3 d of incubation on egg albumen.
MATERIALS AND METHODS

Hatching Eggs and Storage
Commercial flocks of Ross 308 feather-sexable strain females mated to Ross males, which were subjected to similar management and nutrition within the same commercial company, were used as the source of broiler hatching eggs in 3 experiments.
Broiler hatching eggs were obtained at 39 and 37 wk of age in Experiments 1 and 2, respectively. In Experiment 3, hatching eggs were collected at 28 and 35 wk of age. In all cases, hatching eggs were stored for 1 d at 18
• C and 75% RH before incubation.
Incubation
General In the 3 experiments, a single-stage incubation program was used with a gradually decreasing machine set point temperature of 38.1
• C at embryonic day (E) 1 of incubation to 37.5
• C at E19, which was gradually decreased to 36.4
• C at E21. Eggs were turned 90
• on an hourly basis until E19. Experiment 1 and 2 A total of 1,680 eggs were placed in 28 trays and set equally and randomly in 2 laboratory incubators (Ç imuka, Ankara, Turkey) in Experiments 1 and 2 (Ankara University, Ankara, Turkey, altitude of 938 m). The CO 2 concentration was gradually increased from the beginning of incubation onwards to reach 0.80% at E3 by manual injection of CO 2 into an airtight incubator (High-CO 2 ). In the control incubator (Control-CO 2 ), the CO 2 concentration constantly remained below 0.10% within E3. At E4, CO 2 injection was terminated, and all eggs from both groups were mixed and equally distributed among the 2 incubators. Incubation conditions were the same for both incubators during the entire incubation process, and incubation was continued with a control incubator. The CO 2 concentration gradually increased to 0.30% through E19. The RH was maintained at 78 to 80% for the first 3 d of incubation in both incubators, and at the beginning of E4, the RH was changed to 50 to 54% up to E19. During the incubation period, the CO 2 concentrations, RH, and temperature were continuously monitored (recorded every 5 min) in both incubators using an Extech CO 2 monitor (Model CO210, Extech Ins., Waltham, MA, USA). Figure 1 shows the CO 2 concentrations for both groups in Experiments 1 and 2.
Experiment 3 In Experiment 3, eggs were set in Petersime BioS model of setters and hatcher (Petersime, Zulte, Belgium) in a commercial hatchery (Beypilic Inc., Bolu, Turkey, altitude of 762 m). A total of 9,600 eggs from 2 flock ages were incubated under either the standard conditions (Control-CO 2 ) for the entire incubation or high CO 2 concentrations during the first 3 d of incubation (High-CO 2 ). The CO 2 concentration was gradually increased to reach 0.70% at E3 by a natural accumulation of CO 2 due to the airtight closure of the incubator. In the control incubator, the CO 2 concentration remained at 0.10% for the first 3 d. In both setters, the RH was maintained at 79 to 84% for the first 3 d of incubation, and the High-CO 2 machine had slightly higher RH than that of the Control-CO 2 machine. After E3, all eggs from both groups were incubated together in a single incubator at standard conditions. The RH was maintained at 50 to 55%, the concentration of CO 2 was slightly raised to 0.30% until E19. During the incubation period, the CO 2 concentrations, RH and temperature were continuously monitored (recorded every 1 min) in both incubators using the incubator controller (BIO-IRIS, Petersime, Zulte, Belgium). Figure 2 shows the CO 2 concentrations for both groups in Experiment 3.
In Experiment 3, the other trays in the incubators were filled with the eggs from different flock ages or storage periods, which were not part of the experiment, to ensure the uniform airflow across eggs.
Measurements During Incubation
Albumen Characteristics In Experiments 1 and 2, prior to setting the eggs for incubation, 90 eggs of the same weight (63 ± 0.4 and 63 ± 0.9 g in Experiment 1 and 2, respectively) were selected, and 30 eggs were opened to record the albumen height and pH of the thick albumen. The remaining 60 eggs were divided and set in the 2 incubators to be utilized for the same measurements at E3. Albumen height was measured in the middle of the thick albumen equidistant from the outer edge of the albumen using a tripod (Mitutoyo, no. 2050-08, 0.01 to 20.00 mm) micrometer (Benton and Brake, 1996) . Albumen pH was measured with a digital pH meter (pH 10 Pen, VWR, Leuven, Belgium) to the nearest 0.01 units. The pH electrode was standardized using buffer solutions of pH 7.00 and 10.01. All eggs were at the same temperature at the time the pH was measured, and the probe was cleaned with distilled water between eggs.
Egg Weight Loss In the 3 experiments, egg weight loss (EWL) was measured on the setter tray level. Each setter tray contained 60 eggs in Experiments 1 and 2 and 150 eggs in Experiment 3. The weight of the full setter trays was measured at E0 (t0), E3 (t3), and E19 (t19). To calculate EWL, the weight of the empty setter tray (te) was also measured. The percentage weight loss of E0-E3 and E0-E19 was calculated with the following formulas:
and EWL E0 − E19% = [(t0 − t19) / (t0 − te)] x 100.
Embryonic Mortality and Hatchability Infertility and early embryonic mortality (E0-E6) were identified by candling and removed at E19, followed by macroscopic examination of opened eggs by a single experienced individual. At the time of removal, for chicks from the hatchers, all unhatched eggs were opened and macroscopically examined by the same experienced individual to determine remaining mid (E7-E18) and late embryonic mortality (E19-E21 plus pipped eggs). The percentage hatchability of fertile eggs was calculated as the number of chicks hatched per 100 fertile eggs set.
Statistical Analyses
A setter tray (60 eggs in Experiments 1 and 2, 150 eggs in Experiment 3) was treated as the experimental unit for EWL% and the incubation variables so that there were 14 replicates (840 eggs in total) per incubation treatment in Experiments 1 and 2; 16 replicate trays (2,400 eggs in total) were set per CO 2 treatment at each flock age in Experiment 3. For the albumen height and albumen pH, an egg was used as the experimental unit. The data were subjected to an analysis of variance (SAS, 2004) , utilizing ANOVA procedures for balanced data in Experiments 1 and 2. The parameters were analyzed as a 2 × 2 factorial design with CO 2 concentration (Control vs. High) and flock age (28 vs. 35 wk of age) as the main effects, using the general linear model procedure in Experiment 3. Differences among means were partitioned by Duncan's multiple range test. Statements of statistical significance were based upon P ≤ 0.05, unless otherwise indicated.
RESULTS AND DISCUSSION
Albumen Characteristics
The effects of increased CO 2 between E0-E3 on albumen height and pH are illustrated in Table 1 for Experiments 1 and 2. The albumen height was 6.18 and 7.06 mm at E0 in Experiments 1 and 2, respectively. At E3, albumen height of the control and high CO 2 groups were 4.36 and 4.31 mm, respectively, in Experiment 1. In Experiment 2, albumen heights were 4.44 mm for the control and 4.30 mm for the high CO 2 group. As expected, albumen height was significantly lower at E3 than at E0 in both experiments (P ≤ 0.05). However, there were no significant effects on albumen height due to CO 2 treatments at E3 in Experiments 1 and 2 (P > 0.05). Eggs exposed to increased CO 2 had a significantly reduced albumen pH compared to that of the control at E3 (P ≤ 0.05) in Experiments 1 and 2. In addition, in Experiment 2, the albumen pH in the High-CO 2 group was significantly decreased at E3 than at E0 (P < 0.05). This more rapid lowering of the albumen pH due to a higher CO 2 concentration in the incubator was a consistent finding throughout previous studies (Sadler et al., 1954; Bruggeman et al., 2007; Reijrink et al., 2010; Han et al., 2011; Tona et al., 2013) Similarly, increasing the CO 2 concentration within the storage chamber air brought the CO 2 readings for the albumen of stored eggs back to comparable readings recorded for the albumen of non-stored eggs (Kosin and Konishi, 1973) .
Egg Weight Loss
In Experiments 1 and 2, the EWL was not affected by a higher CO 2 concentration, because the RH and air temperature were similar between the 2 machines ( Table 2 ). In contrast, in Experiment 3, the eggs of the higher CO 2 incubation between E0-E3 had a lower EWL than those of the control incubation (P ≤ 0.05) at both 28 and 35 wk of age. This difference was due to slightly higher RH in the High-CO 2 machine than that in the Control-CO 2 machine during the first 3 d of incubation. However, the final EWL at E19 was similar for eggs of both groups in Experiments 1 and 2. In Experiment 3, the prime flock eggs had higher EWL both at E0-E3 and E0-E19 than that of the younger flock eggs. These results agreed with those of Tona et al. (2001) , showing that as the age of the hens increased, the egg weight and absolute EWL increased concomitantly (P < 0.001) due to a higher eggshell conductance. No interaction was found between CO 2 treatment and flock age for the EWL for E0-E3 and total EWL at E19 (E0-E19) in Experiment 3 (Table 3) . The means and SEM for n = 16 measurements within a column with different superscripts differ significantly (P ≤ 0.05).
1 Control: the CO 2 concentration consistently remained below 0.10% until E3; High: the CO 2 concentration was gradually increased to reach 0.70% until E3 by a natural build-up of CO 2 due to airtight closure of the incubator.
Embryonic Mortality and Hatchability
The effect of the increased CO 2 concentration, by injection of CO 2 into the machine during the first 3 d of incubation, on the embryonic mortality and hatchability of fertile eggs is shown in Table 4 for Experiments 1 and 2. In Experiment 1, the hatchability of fertile eggs was 91.7% and 89.1% in the control and high-CO 2 groups, respectively. The hatchability of fertile eggs was 91.3% for the control group and 89.6% for the high-CO 2 group in Experiment 2. The hatchability of fertile eggs significantly decreased with increased CO 2 between E0-E3 due to an increase in the percentage of early embryonic mortality by 2% (P ≤ 0.05) in Experiments 1 and 2 (Table 4) . In Experiment 3, the results were somewhat similar to those found in Experiments 1 and 2 in that the hatchability of the fertile eggs decreased The means within a column and within an experiment with different superscripts differ significantly (P ≤ 0.05).
1 Experiment: Flock age was 39 or 37 wk in Experiments 1 or 2, respectively.
2 Control: the CO 2 concentration consistently remained below 0.10% until E3; High: the CO 2 concentration was gradually increased to reach 0.80% until E3 by manual injection of CO 2 in Experiments 1 and 2.
3 There were 14 replicate trays of 60 eggs (840 eggs) set per CO 2 treatment, and the SEM for n = 14. The means within a column with different superscripts differ significantly (P ≤ 0.05).
2 There were 16 replicate trays of 150 eggs (2,400 eggs) set per CO 2 treatment at each flock age, and the SEM for n = 16. with increasing CO 2 concentrations for E0-E3, while the percentage of early embryonic mortality increased in both flocks (Table 5 ). The hatchability of fertile eggs was greater in the 35-wk-old flock than in the 28-wkold flock, as expected, which reflected lower early and late embryonic mortality in the 35-wk-old flock. Several studies showed that a gradual increase in the CO 2 concentration from 0.7% to 1.5% during the first 10 d of incubation in an airtight incubator accelerated the embryonic development and improved the hatchability Everaert et al., 2007; Tona et al., 2007; De Smit et al., 2008) . In these studies, the CO 2 concentration did not increase linearly, as the CO 2 concentration starts to increase after E3 of incubation and reaches a plateau phase until E10 of incubation. In the study of Bruggeman et al. (2007) , the CO 2 concentration remained below 0.2% during the first day of incubation, and then, it sharply increased from the injection of CO 2 to reach 1.5% at E4 and continued until E10. The researchers found that the hatchability was not affected by the CO 2 concentration. However, the present data demonstrated that CO 2 concentration reached 0.3% at 12 h, 0.4 to 0.5% at 48 h and the peak level of approximately 0.7 to 0.8% at E3, either by injection CO 2 in Experiment 1 and 2 or naturally in the airtight incubator in Experiment 3. In all experiments, these concentrations of CO 2 decreased the hatchability of the fertile eggs by approximately 2% due to higher early embryonic mortality. Once the incubation starts, sudden increases in the CO 2 concentration may be lethal to early stages of embryonic development and may decrease hatchability, which indicates the sensitivity of the embryo to higher CO 2 concentrations. The increase in tolerance of the embryo for high CO 2 concentrations after E4 of incubation may be caused by the establishment of the respiratory system after approximately 96 h of incubation (Taylor and Kreutziger, 1965) . It is believed that the best age for CO 2 exposure is during the formation of the choriallantoic membrane (CAM from 5 to 11 d of incubation), resulting in an increased CAM vascularity and better oxygen transport capacity in later stages (Druyan et al., 2012) . The effect of CO 2 concentration may depend on the level and timing of the application. A chick embryo is very sensitive to an increased CO 2 concentration during the first 48 h of incubation compared to the rest of the incubation period. This fact is possibly related to the lack of buffering capacity of the very young embryo to cope with a high CO 2 concentration (Meuer et al., 1989) , but as the incubation progresses, the chick embryo becomes more tolerant to high CO 2 concentrations (Sadler et al., 1954; Taylor and Kreutziger, 1965; .
The albumen pH is close to neutral at oviposition (7.6) and becomes alkaline after a few days of storage at room temperature, reaching pH values as high as 9.5 (Stern, 1991; Guyot et al., 2016) . Moreover, the albumen pH reaches its highest point at 2 to 3 d of incubation by the release of CO 2 from the albumen, and then, the pH gradually decreases and becomes more acidic during incubation (Romanoff and Romanoff, 1949; Bruggeman et al., 2007; Tona et al., 2007; Fang et al., 2012a,b) . The asymmetry in pH between the yolk and albumen established by the albumen pH increase may play a role in determining the viability of the embryo and the formation of sub-embryonic fluid during early embryonic development (Benton and Brake, 1996) . The pH increase enhances the flow of the water and solutes across the vitelline membrane or into the yolk for utilization during early stages of development (Burley and Vadehra, 1989; Stern, 1991) . A high concentration of CO 2 prevents the increasing pH and may cause delay in the release of these energy sources, or it may result in a pH that is too low for proper cell development, ultimately resulting in an increased rate of early embryonic mortality (Meuer et al., 1989; Walsh et al., 1995; Benton and Brake, 1996) . It is clear that providing a high CO 2 concentration caused a decrease in the albumen pH. This decrease might be harmful to embryo development between E0-E3, but it might accelerate the embryonic development and improve the hatchability and post-hatch growth between E4-E9. Sadler et al. (1954) , , and Bruggeman et al. (2007) investigated the effect of hypercapnia incubation on embryonic development and hatchability by using short-term stored eggs. However, the beneficial effect of hypercapnic conditions during early incubation may increase when embryo viability is reduced due to prolonged egg storage. Walsh et al. (1995) found that the storage of eggs under CO 2 increased the number of early dead embryos in eggs stored for 7 d but increased the embryo survival in eggs stored for 14 d. However, Reijrink et al. (2010) observed that increased CO 2 concentrations between 0.7% and 0.8% during the first 5 d of incubation decrease the hatchability when eggs are stored for 15 d. The albumen pH was affected by the storage period and flock age. Therefore, increased CO 2 during storage, or during the very early period of incubation, may have different results that depend on the storage period and flock age. In our study, the eggs were stored for 1 d, and the results were consistent in young and prime flock eggs.
In conclusion, the current study found that a higher CO 2 concentration during the first 3 d of incubation alter albumen pH and reduced the fertile hatchability due to increased early embryonic mortality. The results of 3 experiments have indicated that for optimum hatchability results, at the beginning of the incubation, ventilation is necessary to prevent increases in CO 2 concentration.
